Bottlenose dolphins (Tursiops truncatus) and pantropical spotted dolphins (Stenella attenuata) co-occur in Golfo Dulce, a fjord-like embayment located in the southern Pacific coast of Costa Rica. We evaluated if spatial overlap by these dolphin species is associated with similar environmental requirements. Presence-only models based on niche theory were constructed by contrasting a set of spatial locations with the responses of the target species to abiotic ecogeographical variables (EGVs: depth, slope, distance to rivers, distance to 200 m isobath, mean sea surface temperature, and variation in sea surface temperature). Models were cross-validated with levels of discrimination that ranged from acceptable to excellent based on the area under the curve assessment (T. truncatus, rainy season: 0.76, dry season: 0.83; S. attenuata, rainy season: 0.84, dry season: 0.89). Both dolphin species occur in Golfo Dulce year-round; the lack of seasonality documented previously was supported by the models. Species distribution models showed no spatial overlap, with differences in EGVs affecting their distribution (T. truncatus: distance to river + distance to 200 m isobath, S. attenuata: depth + sea surface temperature). We argue that the coexistence of both predators in Golfo Dulce is linked to habitat heterogeneity, where critical habitats are spatially differentiated. The lack of fine-scale spatial overlap, along with influential abiotic variables, highlights a process of coexistence for dolphins that are sympatric at the scale of Golfo Dulce, but within the Gulf there is fine-scale allopatry.
A crucial part of the survival of a species includes either outcompeting surrounding species or coexisting with them. Sympatric species are those with geographical co-occurrence and the potential for home-range overlaps (Heinrich et al. 2010) . Home-range overlap does not necessarily imply direct interaction, due to the potential for species to occupy different microhabitats, have distinct dietary preferences, or show different circadian activity patterns (Davies et al. 2007 ). Consequently, currently accepted ecological theory predicts that stable communities of coexisting species will diverge to some degree in resource utilization, including but not limited to prey species, habitat selection, and diel patterns (Roughgarden 1976; Day 2000) . Coexistence is associated with segregation of occupied niches or "partitioning" of resources. Niche segregation is expected to occur at finer scales, such as the microhabitat level, where environmental factors affect individual behavior (Morris 1996) . Furthermore, niche segregation between generalists and specialists also is affected by scale, where there could be underused or unused resources by the specialist at fine spatial scales (Morris 1996; Leimgruber et al. 2014) ; that is the case for the scale-dependent habitat selection between the pine marten (Martes martes) and the more behaviorally plastic stone marten (M. foina) in the northern Iberian Peninsula (Vergara et al. 2016 ). Ecological models, such as the Lotka-Volterra model, predict the stable coexistence of 2 competitors in situations where interspecific competition would be, for both species, less significant than intraspecific competition. As a result, niche differentiation will buffer competition between species and tend to concentrate competitive effects among conspecifics. To understand the potential mechanisms facilitating coexistence by species with overlapping ranges, segregation along different niche dimensions should be examined: spatially, by detailing the key environmental factors shaping the spatial distribution; temporally, by describing resource selection and use in time; and, finally, in the trophic dimension, through evaluating differences in diet, prey contribution, and trophic level.
Insights on the ecological patterns implicit in coexistence of odontocetes, and particularly delphinids, are scant due to constraints associated with experimental approaches. Empirical data based on field observations support dietary differentiation as the major ecological process to buffer competitive interactions and promote coexistence (Bearzi 2005 (Bearzi , 2007 , resulting in divergence in habitat use, including its main components: abundance and distribution. Such differentiation can develop in a gradient of spatiotemporal partitioning. For example, in habitats where resources are abundant, there should be a low level of spatial partitioning and a considerable degree of dietary overlap, with species intermingling together, as in the case of white-sided (Lagenorhynchus acutus) and common dolphins (Delphinus delphis) in the Gully, off Nova Scotia, Canada (Gowans and Whitehead 1995) , or common dolphins and dusky dolphins (L. obscurus) in Patagonia (Romero et al. 2012; Svendsen et al. 2015) . The other side of the spectrum would be complete spatial differentiation; such segregation is generally described by ecogeographical variables (EGVs) influencing dolphin occurrence. For instance, common and white-beaked dolphins (L. albirostris) in waters off the United Kingdom and Ireland (Macleod et al. 2008) and Scotland (Macleod et al. 2007; Weir et al. 2009 ) showed a switch in dominant species from common to white-beaked dolphins mediated by a temperature threshold (12°C). This segregation provides evidence of potential exclusion of the species with lower tolerance to an increase in temperature. Physical and hydrographical variables have been used to describe cetacean occurrence and habitat use (Doksaeter et al. 2008; Praca and Gannier 2008; Gross et al. 2009; Fury and Harrison 2011) , but they might only be proxies for prey type and abundance (Benson et al. 2002) .
We explored the coexistence of inshore bottlenose dolphins (Tursiops truncatus) and pantropical spotted dolphins (Stenella attenuata), occurring year-round in a fjord-like embayment along the Pacific coast of Costa Rica, facilitated by fine-scale habitat partitioning. Species distribution models (SDMs) based on niche theory (Phillips et al. 2006; Friedlaender et al. 2011; Thorne et al. 2012) provided the analytical framework to elucidate spatial segregation, associated with the environmental requirements for each predator. This analysis is based on the premise that fine-scale spatial overlap is supported by the coincidence of at least 1 variable describing the ecological niche of both species of predator. The information presented in this study deals with the spatial dimension of both predators' foraging habitat.
Materials and Methods
Study area.-Golfo Dulce (GD hereafter) is located at 8°30′N, 83°16′W. This embayment is treated in this assessment as a subsystem of the Osa Peninsula in Costa Rica, which is located in the Nicoya Ecoregion (Spalding et al. 2007 ; Fig. 1 ). GD is characterized by a deep inner basin (> 215 m maximum depth) and a shallow sill (70 m), which communicates the inner basin with the open Eastern Tropical Pacific (Wolff et al. 1996; Quesada-Alpizar and Cortes 2006) . The total surface area is close to 750 km 2 , water circulation is restricted as in true fjords, and there is a slow deep-water renewal by occasional intrusion of dense subsurface waters (Svendsen et al. 2006) . Productivity in GD's inner basin is most likely subsidized by riparian discharge to the inner basin, particularly by contributions of the Esquinas, Rincón, Tigre, and Coto Colorado rivers (Fig. 1) .
Dolphin surveys and behavior sampling.-We carried out dolphin behavior and photo ID surveys using as research 556 JOURNAL OF MAMMALOGY platform a 9-m boat, powered by a 115-HP 4-stroke engine, during 2 seasons, rainy (June-October) and dry (NovemberMay), from March 2005 to March 2015. A representative coverage of the study area was achieved by allocating search effort among sectors (inner basin, sill area, transitional-oceanic) within each season (Oviedo et al. 2015) ; therefore, a complete area survey required 2-3 days, during which each subarea was navigated along a zigzag course. To obtain a reliable estimate of occurrence patterns of the target species, we recorded presenceabsence data based on a point-sample design. We documented the parameters sea surface temperature (SST; using a handheld field thermometer), tide, wind speed on the surface (Beaufort scale), visibility, and boat location (GPS), every half hour at monitoring stations as described by Gowans and Whitehead (1995) . We constructed a presence-absence matrix via 5-min scans while monitoring detectability throughout the survey. A total of 2,619 sampling points was used for this study (2011) (2012) (2013) (2014) (2015) . Data were grouped into the 2 main climatological and oceanographical seasons present in the study area, dry season with 962 points sampled and rainy season with 1,357 points sampled. Additionally, presence-only records (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) , n = 674) for both species were used as a test data set for the model evaluation. All procedures followed American Society of Mammalogists (Sikes et al. 2016 ) and national Costa Rican guidelines for research on live animals and cetaceans.
Ecogeographical variables.-Six environmental variables were selected according to the biological information available for the species in the area (Acevedo-Gutierrez and Burkhart 1998; Cubero Pardo 1998a , 1998b , 2007a , 2007b Oviedo 2007; Oviedo et al. 2009 Oviedo et al. , 2015 Herra-Miranda et al. 2016 ). We used the GEBCO 2014 Grid bathymetry (The GEBCO_2014 Grid, version 20150318, www.gebco.net) as a base to obtain all the geographical and depth-derived variables. The slope, distance to the 200 m depth-contour line, and the distance to major rivers were obtained using QGIS and the integrated SAGA and GRASS toolboxes (QGIS Development Team 2015) .
Two oceanographic variables were used, the mean SST and the SST standard deviation. These layers were obtained from the MARSPEC repository (Sbrocco and Barber 2013) , using long-term monthly climatological means obtained from remotely sensed and in situ oceanographic observations. The SST standard deviation was calculated to express the variability in each season. The mean value and the standard deviation of each season were estimated using the corresponding months for each case, due to the lack of a dispersion metric in the MARSPEC data set. Four oceanographic layers were built by stratifying these variables into dry and rainy season. All the strata were tested for autocorrelation using a Pearsons test. Correlation was lower than 0.7 for all strata. All the variables were resampled to a 1-km grid resolution.
Modeling approach.-We used 2 different procedures to obtain reliable estimates of the realized niche. Recent studies (Qiao et al. 2015) highlighted the importance of using more than 1 algorithm for niche modeling, choosing the best model based on evaluation tests.
As a first step, we applied a set of generalized additive models (GAMs) as an explanatory analysis. GAMs are widely used statistical modeling tools that facilitate the analysis of the relationships between species distributions and their environmental correlates, resulting in a flexible description of complex species responses to environmental constrains (Leathwick et al. 2006) . GAMs are based on the use of nonparametric smoothing functions; they provide a general framework for extending a standard linear model by allowing nonlinear functions of each of the variables while maintaining additivity (James et al. 2013 ). This analysis was performed using the "mgcv" R package; we used a cubic regression spline shrinkage smoother to penalize the factors less relevant to the final model (Marra and Wood 2011) . An offset representing the number of points sampled in each grid cell was included to take into consideration the effort.
The second modeling approach was boosted regression trees (BRT) or generalized boosted regression models (GBMs). This technique can be described as a combination of a classical statistical approach (regression trees) and a machine learning (ML) technique (boosting). The inclusion of a ML method adds considerable advantages compared to conventional methods, including the improvement of model selection (Elith et al. 2008) . This approach examines a large number of trees and using a boosting approach to select a linear combination of many trees (usually from hundreds to thousands). Fitted values in the final model are computed as the sum of all trees weighted by an estimate of the contribution of each tree to the growing model. A relatively slow learning rate (0.001) with a higher tree complexity (5) was selected following recommendations of Elith et al. (2008) , to aim for more than 1,000 trees. Again, the effort was included as an offset term, representing the number of points sampled per grid.
Model validation.-The model validation was performed using a semi-independent data set, a presence-only data set collected between sampling points. This data set is constructed with the information collected at the beginning of each sighting: date and location through GPS coordinates, best estimates on group size, group composition, and behavior at first encounter. While the data sets were not totally independent, the use of this method allowed us to obtain a test data set in areas not used to build the model, which results in a better performance for the models and provides better estimates of their predictive capability. The area under the curve (AUC) metric of the receiving operator characteristic (ROC) curve (Phillips et al. 2006 ) was used to evaluate model prediction. The AUC value provides a threshold-independent metric of overall accuracy; a value of 0.5 indicates that the model prediction of presence-absence is no better than random, while greater scores indicate increasing predictive ability. We assessed AUC values of the ROC curve of the models following the scale suggested in Hosmer and Lemeshow (1989) : 0.5 indicated no discrimination; 0.5 to 0.7 represented poor discrimination; 0.7 to 0.8 indicated an acceptable discrimination; 0.8 to 0.9 indicated an excellent discrimination; and greater than 0.9 represented outstanding discrimination. All analysis and figures were produced using R 3.2.2 (www.r-project.org) with the raster, reshape2, MASS, dismo, SDMTools, ecodist, pROC, PMCMR, mgcv, and gbm packages.
results
A total of 192 and 258 sightings of inshore bottlenose dolphins were used for the dry and rainy season, respectively. A total of 95 and 124 pantropical spotted dolphins sightings were used for the dry and rainy season, respectively.
Models performance and validation for inshore bottlenose dolphins and pantropical spotted dolphins in Golfo Dulce.-For the 2 sets of models applied, the best predictive power was obtained by the GBM (Table 1) . While for the pantropical spotted dolphins the AUC test values obtained by the GAMs were still reasonably good (around 0.8), the results for the bottlenose dolphins were quite low. For this species, the deviance was lower, but moreover the test AUC values were extremely low (AUC ≤ 0.65). Almost all the test AUC values for the GBM approach were in the excellent range (AUC > 0.8), the exception was that for bottlenose dolphins the rainy season values were slightly lower but in the acceptable range (AUC = 0.76).
For inshore bottlenose dolphins, GAMs identified slope, distance to the 200 m isobath, and distance to rivers as significant predictors of occurrence during the dry season, and distance to the 200 m isobath, slope, and SST during the rainy season ( Table 2) . Encounters of inshore bottlenose dolphins during the dry season were inversely related to distance to the rivers, distance to the 200 m isobath, and a slope gradient between 0° and 5° (Fig. 2) . During the rainy season, sightings increased with distance to the 200 m isobaths, corresponding with shallow inshore waters, with slope values between 3° and 6° and more variation in SST (0.6° to 0.8°; Fig. 3 ).
The final model run for pantropical spotted dolphins highlighted the interplay of more diverse EGVs. Depth, distance to the 200 m isobath, mean SST, distance to rivers, and slope were significant predictor EGVs, describing the habitat that favored the occurrence of pantropical spotted during rainy and dry seasons ( Table 2 ). The occurrence of pantropical spotted dolphins during the dry season was affected primarily by depth greater than 100 m, inversely related to distance to the 200 m isobaths, and positively affected by an increase in SST. Other significant variables that influenced the occurrence of S. attenuata during the dry season were the distance to rivers draining to the inner basin (5-10 km) and low values of slope gradient (Fig. 4) . The rainy season GAM for pantropical spotted dolphin was similar to the dry season model (Table 2; Fig. 5 ).
The GBM results highlighted the importance of depth (Table 3) , particularly for the pantropical spotted dolphin (dry for bottlenose dolphins (19.53%) than for pantropical spotted dolphin (18.90%). The best models selected for inshore bottlenose dolphins and pantropical spotted dolphins in GD corresponded with the GBM runs (Fig. 6 ).
discussion
Our analysis showed that there is no evident spatial overlap between areas with the highest habitat suitability for both predators. The major proportion of suitable habitat for inshore bottlenose dolphins in GD during the dry and rainy seasons was along the coastline, specifically associated with areas at or near the mouth of rivers such as Esquinas and Coto Colorado, with particular reference to the subsystem formed by the Tigre and Platanares rivers. For pantropical spotted dolphins, the area with the most suitable habitat was located at the center of the inner basin, within the 100 m isobath.
Habitat-model performance.-In general, all models had good performance. The use of a semi-independent data set as validation supported the predictive capability of our models. Nevertheless, GBMs outperformed GAMs, especially for the bottlenose dolphin. This result might be due to the more generalist and plastic behavior of this species (Wells and Scott 2008) , where the higher flexibility of the GBM approach (James et al. 2013 ) might be more suitable.
Habitat partitioning between sympatric dolphins in Golfo Dulce.-Inshore bottlenose and pantropical spotted dolphins did not share the same habitat within the discrete geographic space of GD. The hypothesis of fine-scale spatial differentiation was supported by the characterization of EGVs describing suitable habitat and the contrasting locations of dolphin sightings. The lack of overlap in the spatial dimension was conditioned by the environmental factors bounding habitat suitability. A suite of complex responses characterized habitat suitability for each species. Habitat for pantropical spotted dolphins was consistent with bathymetric features of the inner basin: a rather low slope and deep waters over 100 m. Additionally, the increase in mean SST was associated with locations at considerable distances from fresh water input. Suitable habitat for inshore bottlenose dolphins appeared to be characterized by different EGVs depending on season. During the dry season, suitable habitat was associated with major river drainages at distances of 5 to 15 km away from the 200 m isobath. Suitable habitat for bottlenose dolphins during the rainy season was still affected by rivers, but at distances closer to the 200 m isobaths (between 5 and 10 km). Due to the complex physiography at GD, this distance corresponds to inshore waters, where the variation in mean SST, in magnitudes of 0.6° to 0.8°, would essentially describe areas under the influence of river drainages; this area is substantial during the rainy season due to large amounts of continental water flow. Even though there were differences in the EGVs that affected habitat suitability of these species, the spatial patterns during the rainy and dry seasons showed weak or no seasonality, confirming the year-round occurrence of both delphinids in GD (Oviedo et al. 2015) .
The relevance of depth as a facilitator of habitat segregation of these species in the Gulf has been previously documented (Acevedo-Gutierrez and Burkhart 1998; Cubero-Pardo 1998a, Costa Rica (2011 . Depth over 100 m, slope, the distance to the 200 m isobaths, the distance to rivers, and the increase in mean values of sea surface temperature (SST) are significant predictors of dolphin occurrence in the rainy season.
2007a; Oviedo 2007 Oviedo , 2008 . Oviedo (2007) established the relevance of the 100 m isobath as a limiting factor that separates the realized niche of the inshore bottlenose dolphin from that of the pantropical spotted dolphin, the latter occurring less frequently in shallow water, while the former tolerates a wider breadth of depths.
Oviedo (2007) discussed habitat segregation at a fine-scale level as the main facilitator of the coexistence of these species in GD. Habitat segregation described in our analysis was based only on the abiotic factors we measured for GD. We acknowledge the need to incorporate biotic variables in the assessment of ecological niches (Peterson 2011) . In addition, hydrographic factors shaping the distribution of cetaceans are often intertwined with one another, including the link to bathymetric features of the habitat (Weir et al. 2012) . Nevertheless, areas defined by the highest habitat suitability in our study coincide with those identified as critical foraging habitat, for both inshore bottlenose dolphins (Oviedo 2007; Herra-Miranda et al. 2016 ) and pantropical spotted dolphins (Oviedo 2007 (Oviedo , 2008 Oviedo et al. 2015 ) based on behavioral sampling. Both (Oviedo et al. 2015; Herra-Miranda et al. 2016) . Demographic information is required to assess fitness differences, in order to specify how inshore bottlenose and pantropical spotted dolphins differ in their level of adaptation to their common environment (Morris 1996) . The effect of Golfo Dulce's habitat heterogeneity on the coexistence of sympatric dolphins.-The definition of sympatry for highly mobile organisms, such as dolphins in GD, could be obscured by the effects of scale. Both inshore bottlenose dolphins and pantropical spotted dolphins move among patches of habitat with different suitability attributes for each species. Those habitats make a mosaic that leads to an apparent sympatry at the scale of the Gulf, but once habitat use is fitted to a well-defined gradient, finer-scale differences in the distribution of each species become evident. Therefore, habitat heterogeneity underlies the spatially close coexistence observed within the GD (Chesson 2000; Parra 2006; Adler et al. 2013) . Foraging bouts of bottlenose and spotted dolphins in GD indicate areas of prey availability and productivity (L. Oviedo, D. HerraMiranda, and J. D. Pacheco-Polanco, pers. obs.), and also provide support for the occurrence of environmental heterogeneity, in contrast to the previous perception of this inshore habitat as a nonheterogeneous, low-productivity environment (CuberoPardo 2007a). Adler et al. (2013) considered the role of spatial heterogeneity in the process of coexistence: when different species are favored in different local environments, species show spatial or resource partitioning.
Spatial and environmental divergence might reflect selection of the environment where each species' prey is available. In the case of pantropical spotted dolphins, highly abundant schooling fish in dense aggregations, including flying fish from the family Exocoetidae and ballyhoo (Hemiramphus sp.) among other prey, have been observed where these dolphins were encountered (Oviedo 2008) . For inshore bottlenose dolphins, a variety of demersal fish, particularly needle fish (Tylosurus sp.), have been reported as preferred prey (Pacheco-Polanco 2015) . The pattern of spatial segregation described in this study contrasts with the spatial overlap documented for other sympatric dolphins populations at higher latitudes; for example, common and dusky dolphins exhibited spatial overlap in San Matias Gulf, Argentina (Svendsen et al. 2015) , which was reflected by the consumption of Argentine anchovies as the main prey of both predators (Romero et al. 2012) . Similarly, neritic common and striped dolphins (D. delphis and S. coeruleoalba) overlapped in space use and partially overlapped in prey consumption (Pusineri et al. 2008 ) off the Bay of Biscay. Parra (2006) and Parra et al. (2006 Parra et al. ( , 2011 also documented spatial overlap between tropical snubfin dolphins (Orcaella heinsohni) and Indo-Pacific humpback dolphins (Sousa chinensis) off northeastern Australia, including partial coincidences in their fish prey (Parra and Jedensjö 2014) , but with marked teuthophagia only by snubfin dolphins.
According to Adler et al. (2013) spatial heterogeneity promotes coexistence when different functional traits are favored in different environments. The interspecific relationship of sympatric bottlenose and spotted dolphins is influenced by this mechanism via 2 main features: 1) morphological differences in their feeding apparatus, specifically in the number and size of their teeth (Perrin 1975a (Perrin , 1975b Perrin et al. 1987 Perrin et al. , 2011 ; and 2) behavioral differences in their method of prey capture, where both delphinids take advantage of the habitat heterogeneity of GD. Spotted dolphins use the deep inner basin, where anoxic conditions concentrate schooling prey in the upper water column, whereas foraging by inshore bottlenose dolphins is focused on mangrove-lined estuaries (Herra-Miranda et al. 2016) , where tidal fronts concentrate prey and facilitate capture (Pacheco-Polanco 2015) .
Dolphin coexistence and patterns of local and regional diversity.-Evidence of species-specific associations of dolphins with the structural features of GD has implications for understanding local (fine-scale) and regional patterns of diversity. Pantropical spotted dolphins and inshore bottlenose dolphins appear to have rather wide ecological niches outside GD with ample spatial overlap, in contrast to the pattern inside the gulf, suggesting that more than one ecotype, population, or subspecies may occur in the eastern tropical Pacific. Pantropical spotted dolphins in the inner basin of GD seem to have phenotypic differences with S. a. graffmani frequently encountered outside this gulf, suggesting differentiation at the ecotype level (Oviedo et al. 2015) . The population of inshore bottlenose dolphins at GD might be the most abundant along the entire Pacific coast of Costa Rica. Recent documentation of small populations of inshore bottlenose dolphins at Golfo de Nicoya (300 km north of GD) and Chiriquí Gulf in Panama (less than 150 km south of GD), done by the authors of the current study, suggests the possibility of a metapopulation along the Pacific Coast at the Nicoya Ecoregion. The embayment environment of GD could facilitate partial isolation of dolphins living within the gulf from those occurring along the open coast, which together with ecological associations and behavioral factors documented in this study, could result in genetic differentiation of dolphins from conspecifics outside this embayment (Moller et al. 2007) .
The spatial separation of inshore bottlenose dolphins and pantropical spotted dolphins that follows from their associations with different abiotic variables in GD may best be described as gulf-scale sympatry with fine-scale allopatry, and suggests a mechanism that may facilitate coexistence of these potential competitors. It remains to be determined whether differences in the trophic ecology of these species underlie the spatial patterns observed, and the extent to which adaptation to local conditions could promote distinct resident populations in semi-closed, coastal-marine habitats such as GD.
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